Introduction
We have developed a DNA vaccine against the hepatitis B virus (HBV) based on expression of HBsAg.
1,2 I.M. delivery of this vaccine in mice induces strong and longlasting immune responses comprising both antigenspecific antibodies (Abs) and cytotoxic T lymphocytes (CTL), 1, 3 similar to those seen in various other models. 4 The finding that a single administration of a DNA vaccine to mice results in life-long immunity 5 was initially thought to be due to the prolonged expression of antigen, as had been observed previously with certain reporter genes such as luciferase. 6, 7 However, in the presence of a developing immune response, characterized by the generation of strong MHC class I restricted CTL, 3 it would seem likely that transfected myocytes and other cells that express antigen would become potential targets for CTLmediated lysis. Indeed, we demonstrated this to be the case using an indirect method for the assay of myocyte destruction, where continued expression of a luciferase reporter gene is used as a marker of transfected myocyte integrity. 8 The vast majority of luciferase-expressing myocytes, which had been co-transfected with luciferase- expressing and antigen-expressing plasmids, were eliminated within 20 days of i.m. injection in normal immune competent mice, but not in SCID mice, indicating that the myocyte destruction was immune-mediated. 8 Furthermore, in normal mice, the period of rapid myocyte destruction was accompanied by an influx of CD8 + and CD4 + T cells, as assessed by immunohistochemical staining.
In the present study, we have used mouse strains of various defined immunocompromised status in an attempt to determine more specifically which immunological mechanisms might be involved in the destruction of the antigen-expressing myocytes. Furthermore, in contrast to our previous study, the present study employs a co-linear expression system, where a single plasmid contains both luciferase-and HBsAg-encoding genes, each of which are under the control of their own cytomegaloviral (CMV) promoter (pCMV-S/CMV-luc). We demonstrate that the immune-mediated mycocyte destruction is due to mechanisms that are dependent on MHC II restricted CD4 + T cell activation but that are not mediated solely by MHC I-restricted or perforin-mediated lysis.
The implications of these results are important not only for DNA vaccines, but also for gene therapy applications where immune-mediated destruction of transfected cells may be undesirable. We have only evaluated myocytes in the present study since their structural post-mitotic nature allows meaningful long-term study, however their fate is likely representative of that for any transfected cell. As such, this system could be a valuable tool for evaluating the immunogenicity of gene-based vectors destined for gene therapy, regardless of the target tissue.
Results
The destruction of myocytes is associated with the expression of HBsAg The pCMV-S/CMV-luc vector (Figure 1a) ) to evaluate the rate of destruction of antigen-expressing muscle cells in fully immune-competent mice that served as congenic controls for the various immune-deficient strains of mice used in this study. Luciferase activity in the injected muscle was assessed at different time-points and expressed relative to the level found at 3 days. Activity was significantly decreased by 14 days in the BALB/c mice ( Figure  2a ) and by 21 days in the C57BL/6 mice ( Figure 2c ). Levels continued to decline such that by 42 days, luciferase activity was only 0.1% and 1% of 3 day levels in BALB/C and C57BL/6 mice, respectively. In contrast, with i.m. injection of the pCMV-(-S)/CMV-luc control vector (Figure 1b) , which does not express HBsAg, a significant decrease in luciferase expression was only observed at 42 days, with the level of activity being 22% and 2% of 3-day levels in BALB/C and C57BL/6 mice respectively (Figure 2b and d) .
The destruction of myocytes is immune-mediated C.B-17 SCID (H-2 d
) mice fail to mount a functional adaptive immune response to specific antigen by virtue of a complete lack of B and T cells. Unlike the immunecompetent mice, there was no significant decrease in luciferase activity over 42 days in the muscles of SCID mice that were injected with the HBsAg/luciferase colinear-expression vector ( Figure 3a ).
The destruction of myocytes is not solely due to an MHC I restricted, perforin-mediated lysis
) mice are deficient in their ability to induce perforin-mediated lysis. In these mice, a decrease to about 2% (relative to the 3-day level) of luciferase expression was observed by 14 days after 
injections consisted of a HBsAg/luciferase co-linear expression plasmid (pCMV-S/CMVluc) (a) which coded for both HBsAg and luciferase each under the control of their own CMV promoter and the control vector (pCMV-(S)/CMV-luc) (b) which contained the coding sequence for HBsAg but in the reverse orientation, therefore only luciferase was expressed from this construct.
injection of the co-expression vector (Figure 3b ). The kinetics and magnitude of this decrease were faster and stronger than those seen in normal congenic C57BL/6 H-2 b control mice ( Figure 2c ). C1D mice (also based on H-2 b ) lack functional ␤2-microglobulin, which is required for MHC class I molecules, resulting in an absence of mature CD8 + T cells. 9 As such, these mice display a severe deficiency in any CD8 + T cell-mediated processes, whether mediated by perforin or not. The expression of luciferase from the coexpression vector was reduced over time in muscles of the C1D mice (Figure 3c ), similar to that seen in the in the normal C57BL/6 H-2 b control mice (Figure 2c ), however the kinetics of the decrease was somewhat later and the magnitude somewhat less than that seen in the perforin-knockout mice (Figure 3b ).
The destruction of myocytes requires MHC II expression C2D mice (also based on H-2 b ) are knock-out mice that do not express any functional MHC class II molecules and do not have any mature CD4 + T cells, 10 which are required for induction of both humoral and cell-mediated adaptive immune responses. In the absence of these immunological parameters, no significant decrease in luciferase activity in muscles injected with the coexpression vector was observed at any time-point, similar to the results in SCID mice (Figure 3d ).
The destruction of myocytes is associated with HBsAg specific antibody production
In addition to evaluating the level of luciferase expression as a marker for muscle destruction, the production of HBsAg-specific antibodies was also determined. In all cases where there was a significant decrease in luciferase expression (associated with the expression of HBsAg), there was also a detectable HBsAg-specific antibody response (Figure 4a and b) .
Discussion
We have confirmed our original observations that the loss of luciferase activity in muscles co-transfected with luciferase-and HBsAg-expressing vectors was associated with an antigen-specific immune-mediated destruction of transfected myocytes. 8 In the present study, luciferase activity in muscles of immune-competent mice injected with a co-linear co-expression vector decreased significantly (Ͼ99%) by 14-21 days. In contrast, muscles of normal mice injected with a control vector expressing only luciferase did not have significantly decreased luciferase activity until 42 days, and even then the magnitude of the loss was much less that with the antigen-expressing vector.
In SCID mice (H-2 d ), no significant decrease in luciferase expression was observed over time, whether or not antigen was co-expressed. This suggests that the decrease in luciferase activity at 42 days in normal mice with the control vector was likely due to the induction of weak luciferase-specific immune responses, which took longer to develop than the HBsAg-specific responses. Although this was not observed in our previous study, a luciferasespecific immune response is supported in the literature. 11 The differences in the kinetics and magnitude of muscle destruction between the BALB/C and the C57BL/6 mice is likely related to differences in H2-restricted recognition of T cell epitopes on the HBsAg and luciferase antigen. 12 In muscles of perforin knock out mice (H-2 b ) injected with the co-expression vector, luciferase activity decreased sooner in the MHC-matched parental C57BL/6 strain of immune-competent mice. This finding was somewhat surprising since traditionally it has been accepted that CD8 + T cells mediate cellular destruction via a perforin-and granzyme-dependent induction of apoptosis. 13 However, more recently, a CD95/CD95L-dependent mechanism of cytolytic activity has also been described. 13 In addition to direct mechanisms of cellular lysis, CD8 + T cells can also secrete cytokines that have indirect effects including the inhibition of viral replication and the induction of apoptosis. 13 Therefore, the results of the present study suggest that destruction of antigen-expressing myocytes following DNA vaccination occurs in part by perforin-independent mechanisms. Luciferase activity also decreased over time in muscles of C1D mice that lack functional MHC I molecules and thus lack mature CD8 + T cells. The kinetics of this response were similar to those displayed by the MHCmatched parental C57BL/6 strain of immune-competent mice, however the magnitude was less. Destruction of antigen-expressing myocytes in this environment is likely due to antibody-dependent mechanisms of cellular lysis. In all cases where there was myocyte destruction, there was also the development of an HBsAg-specific antibody response. Since HBsAg is expressed as a transmembrane protein, [14] [15] [16] two well-documented mechanisms of antibodydependent cellular cytotoxicity (ADCC) could play an important role in HBsAg restricted cellular lysis, namely: (1) antibody-directed complement-mediated cytotoxicity; 17 and (2) Fc receptor-mediated antibody-dependent cellular cytotoxicity. 18 Therefore, in the present study, a perforin-mediated or CD8
+ T cell/MHC I-restricted mechanism cannot solely explain antigen-specific immune-mediated destruction of myocytes.
As seen with the SCID mice, the immune-mediated destruction of HBsAg-expressing myocytes was completely abrogated in C2D mice that lack any functional MHC II molecules, and therefore also lack any mature CD4 + T cells. This underlines the crucial role of CD4 + T cells and MHC II-restricted professional antigen presentation in the development of a DNA vaccine-induced immune response.
There are two populations of APC that may be involved in the activation of the immune system following DNA-based vaccination. The first are APC that are directly transfected with the DNA plasmid and which both produce soluble antigen and present antigen in the context of MHC I and II. The second population are APC that are not directly transfected, yet are capable of antigen uptake either directly from the immediate environment or indirectly via Fc receptor-mediated uptake of antigen-antibody complexes, and in turn presenting it in the context of MHC I and II. 19, 20 Regardless of the scenario, both populations would constitute potential targets for MHC I restricted/CD8 + T cell-mediated lysis. 21, 22 The present results also suggest that directly transfected APCs could be susceptible to additional antibodymediated mechanisms of cellular lysis based on the intracellular production and surface membrane expression of antigen.
The results of this study have important implications with respect to gene therapy. Unlike with DNA vaccines, immune responses against the expressed protein are generally not desired for gene therapy strategies. Overcoming unwanted immune responses has proven to be a very difficult task with successes only in the rare cases of genetic immune deficiencies. 23 The observations made in the present study that transfected cells expressing foreign proteins are quite rapidly destroyed by several different immune mechanisms suggest that the restrictions imposed by the immune system on gene therapy may be more extensive than originally anticipated. However, the fact that luciferase expression by the control plasmid avoided stringent immune surveillance as compared with HBsAg expression, suggests that gene therapy may be possible for proteins that, by their very nature, are not efficiently recognized by the immune system. If these properties can be further defined, it may be possible to engineer gene therapy candidate proteins that are more immunologically neutral. These proteins could then be combined with transient immunosuppression or tolerization approaches to ensure prolonged transgene expression and more efficient gene therapy. 24, 25 As candidate proteins are discovered, the model systems presented herein could be used to screen their relative ability to stimulate an immune response.
Materials and methods

Mice
For immune-competent mice, 6-8-week-old female BALB/C and C57BL/6 mice (Charles River, Montreal, Canada) were used. Immune-compromised mice were bred in the transgenic facility of the Loeb Health Research Institute, Ottawa, Canada. Both male and female mice were used at 6-12 weeks of age and the breeding pairs were originally obtained from: severe combined immunodeficient (SCID) C.B-17 SCID mice (Charles River), major histocompatability complex (MHC) class I and class II deficient mice (Taconic, Germantown, NY, USA) and previously described perforin knock-out mice 26 (Sandoz, Zurich, Switzerland).
Plasmid constructs HBsAg/luciferase colinear-expression vector (pCMV-S/CMV-luc):
A 3.4 kb SmaI-BamHI fragment containing the luciferase reporter gene, under control of the immediate-early cytomegalovirus (CMV) promoter was isolated from the previoulsy described pCMV-luc vector. 27 The SmaI-BamHI fragment was gel purified, the 5Ј overhang filled in by DNA polymerase I large fragment, and cloned into the StuI site of the previously described pMAS-S vector, 28 which contains the coding sequence for the HBsAg. The resulting HBsAg/luciferase colinearexpression vector (pCMV-S/CMV-luc) (Figure 1a ) coded for both HBsAg and luciferase each under the control of their own CMV promoter.
The control vector (pCMV-(-S)/CMV-luc): A 692 bp
EcoRV-PstI fragment containing the HBsAg gene was isolated from the previously described pMAS-S vector 28 and cloned into a PstI-SmaI digested pMAS vector that did not contain the HBsAg gene. This cloning strategy resulted in the insertion of the HBsAg gene into the pMAS vector in the reverse orientation yielding the pMAS-(-S) control vector. Subsequently, the 3.4 kb SmaIBamHI CMV-luc fragment was cloned into pMAS-(-S), as described above, and the resulting pCMV-(-S)/CMV-luc vector (Figure 1b) expressed luciferase, but not HBsAg.
Plasmid purification
The plasmid DNA was purified on Qiagen anionexchange chromatography columns (Qiagen, Hilden, Germany) and redissolved in 0.15 m NaCl. The DNA was stored at −20°C until required for direct injection into the TA muscles of mice.
Indirect assay of muscle fiber destruction: Mice were injected bilaterally with 50 g of the pCMV-S/CMV-luc Gene Therapy vector (all strains) or the control pCMV-(-S)/CMV-luc (BALB/c and C57BL/6 mice only) in the TA muscles, as described previously. 29 Groups of animals (n = 5) of a given strain that were injected with a given plasmid DNA, were anesthetized and killed by cervical dislocation at 3, 7, 14, 21 and 42 days after injection. The TA muscles were removed and luciferase activity was measured using the Promega luciferase assay system (Promega, Madison, WI, USA) as previously described. 27 Results were expressed as group means ± s.d. of relative light units (RLU)/s/mg protein, with protein contents being determined by the BioRad microassay procedure (BioRad, Mississauga, ON, Canada). 30 Assay of humoral response to HBsAg: Titers of antibodies (Ab) specific to HBsAg (anti-HBs) were determined in plasma recovered from mice at 42 days after injection by enzyme-linked immunosorbent assay (ELISA) as previously described. 31 Anti-HBs titers were defined as the highest plasma dilution that resulted in an absorbance (OD 450) two times greater than that of non-immune plasma. Titers were expressed as the geometric mean ± s.d. of values from individual animals in a treatment group, which were themselves the average of at least duplicate assays.
Statistical analysis
The statistical significance of differences between group mean luciferase activity in muscles taken from a given mouse strain injected with a given vector at various times after DNA injection was determined by one-factor analysis of variance followed by the Dunnett's multiple comparison test. Differences of values at other time-points relative to the 3-day activity were considered significant with a P р 0.05.
